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ASSEMBLY FOR MEASURING MOVEMENT OF AND A TORQUE 

APPLIED TO A SHAFT 



BACKGROUND OF THE INVENTION 

1) Field of the Invention 
[0001] The subject invention relates to an assembly for measuring movement of a 
shaft and for measuring a magnetic flux transmitted through the shaft as a result of a 
torque applied thereto. 

2) Description of Related Art 
[0002] In systems having rotating drive shafts it is sometimes necessary to know the 
torque, position, and speed of these shafts in order to control the same or other 
devices associated with the rotatable shafts. Accordingly, it is desirable to sense and 
measure the torque applied to these items and their positions in an accurate, reliable 
and inexpensive manner. Sensors to measure the torque imposed on rotating shafts, 
such as but not limited to shafts in vehicles, are used in many applications. For 
example, it might be desirable to measure the torque on rotating shafts in a vehicle's 
transmission, or in a vehicle's engine (e.g., the crankshaft), or in a vehicle's automatic 
braking system (ABS) for a variety of purposes known in the art. 
[0003] One application of this type of torque measurement is in electric power 
steering systems wherein an electric motor is driven in response to the operation 
and/or manipulation of a vehicle steering wheel. The system then interprets the 
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amount of torque or rotation applied to the steering wheel and its attached shaft in 
order to translate the information into an appropriate command for an operating 
means of the steerable wheels of the vehicle. 

[0004] Prior methods for obtaining torque measurement in such systems were 

5 accomplished through the use of contact-type sensors direcdy attached to the shaft 
being rotated. For example, one such type of sensor is a "strain gauge" type torque 
detection apparatus, in which one or more strain gauges are directly attached to the 
outer peripheral surface of the shaft and the applied torque is measured by detecting a 
change in resistance, which is caused by applied strain and is measured by a bridge 

10 circuit or other well-known means. 

[0005] Another type of sensor used is a non-contact torque sensor. These non-contact 
torque sensors have a magnetostrictive (MR) material, or coating material, disposed 
on rotating shafts and sensors are positioned to detect the presence of an external flux 
which is the result of a torque being applied to the magnetostrictive material. Such 

15 magnetostrictive materials require an inherent magnetic field within the material 
which is typically produced or provided by pre-stressing. Forces are applied (e.g., 
compressive or tensile forces) to pre-stress the coating prior to magnetization of the 
pre-stressed coating in order to provide the desired magnetic field. Alternatively, an 
external magnet or magnets are provided to produce the same or a similar result to the 

20 magnetostrictive material. To this end, magnetostrictive torque sensors have been 
provided wherein a sensor is positioned in a surrounding relationship with a rotating 
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shaft, with an air gap being established between the sensor and shaft to allow the shaft 
to rotate without rubbing against the sensor. 

[0006] However, these various related art assemblies attempt to obtain the 
circumferential component by providing the coating material having the proper 

5 magnetostrictive properties and having a capability of supporting a permanent 
magnetic moment, i.e., a magnetic coercivity. With the latter, the material could be 
permanently oriented magnetically via the temporary application of an external 
magnetic field. Finding a coating material that has both proper magnetostrictive 
properties and magnetic coercivity properties has proved elusive. 

10 [0007] Accordingly, it would be advantageous to provide an assembly that did not 
require the coating material to have the proper magnetostrictive properties and a 
capability of supporting a permanent magnetic moment. It would also be 
advantageous to provide an assembly that could be formed of less expensive materials 
than those having the properties set forth above. 

15 

BRIEF SUMMARY OF THE INVENTION 
[0008] The subject invention provides an assembly for measuring movement of a 
shaft and a torque applied thereto. The assembly includes a shaft having first and 
second ends and being hollow with a sensor mechanism positioned adjacent the shaft 
20 to detect a magnetic flux. A magnetic source having two magnetized poles is 
disposed within the shaft for producing an essentially sinusoidal magnetic field 
distribution in both a radial and a circumferential direction around the shaft. 
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[0009] The subject invention further provides an assembly for measuring a magnetic 
flux. The assembly includes the shaft having a magnetostrictive material disposed 
annularly about and direcdy on the shaft and extending between first and second 
edges. A flux collector extends beyond the first and the second edges of the 

5 magnetostrictive material to direct the magnetic flux. A sensor measures an axial 
component of the magnetic flux flowing from the edges of the magnetostrictive 
material and through the flux collector. A positional ring extends annularly around 
and spaced from the shaft and a positional sensor is disposed between the positional 
ring and the shaft for measuring a radial component of the magnetic flux. The 

10 magnetic source is disposed within the shaft for continuously producing magnetic flux 
and rotates with it for detection of the shaft position. 

[0010] The subject invention overcomes the inadequacies that characterize the related 
prior art assemblies. Specifically, the subject invention supplies a circumferential 
magnetic flux even for materials that have negligible coercivity and works well for 
15 materials that have significant coercivities. The subject invention allows for 
assemblies to measure movement of and torque applied to the shaft without requiring 
the assembly to have certain coercivity and magnetrostrictive material requirements. 
Therefore, the subject invention has a reduced cost because various materials may be 
used without impairing the sensing of the movement of the shaft. 

20 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 
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[0011] Other advantages of the present invention will be readily appreciated as the 
same becomes better understood by reference to the following detailed description 
when considered in connection with the accompanying drawings wherein: 
[0012] Figure 1 is a longitudinal cross-sectional view taken along a shaft of an 
5 assembly according to the subject invention having a sensor mechanism adjacent the 
shaft; 

[0013] Figure 2 is a quarter-section finite element model of a magnetic field flowing 

from a permanent magnet through a steel shaft, a magnetostrictive material on the 

shaft, an air gap, and a positional ring; 
10 [0014] Figure 3 is a lateral cross-sectional view taken along the shaft of an alternate 

embodiment of the assembly having the magnetic source as a rectangular magnet; 

[0015] Figure 4 is a lateral cross-sectional view taken along the shaft of an another 

embodiment of the assembly having the magnetic source as a ring-shaped magnet; 

[0016] Figure 5A is a graphical representation of a magnetic field strength versus 
15 torque of a shaft formed from 1020 steel and having two different magnetic sources; 

[0017] Figure 5B is a graphical representation of a magnetic field strength versus 

torque of a shaft formed from Nitronic steel and a ferrite magnet; 

[0018] Figure 6 is a longitudinal cross-sectional view taken along a shaft of still 

another embodiment of the assembly where the torque sensor is attached to the shaft 
20 according to the subject invention 

[0019] Figure 7 is side-view of the assembly having a pair of flux collectors, one for 

redundancy, attached to the shaft; 
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[0020] Figure 8 is a lateral cross-sectional view taken along the shaft of having a pair 
of flux collectors spaced in magnetic quadrature with a fixed air gap to the shaft; 
[0021] Figure 9 is a lateral cross-sectional view taken along the shaft of having two 
pairs of flux, one for redundancy, collectors spaced from the shaft; 
5 [0022] Figure 10 is a side-view of the assembly having a flux collector spaced from 
the shaft with a positional flux collector ring positioned between the torque sensor 
flux collector and the shaft; 

[0023] Figure 11 is cross-sectional view of the assembly having a positional flux 

collector ring and a positional sensor; 
10 [0024] Figure 12 is a graphical representation of the magnetic field strength for a 

magnaquench (MQ) magnet based upon angle about the shaft, wherein the strength is 

measured at the middle of the magnet and near an end of the magnet; 

[0025] Figure 13 is a graphical representation of the magnetic flux density based upon 

a distance from a center of the magnet; and 
15 [0026] Figure 14 is a cross-sectional view of the torque sensor assembly for 

measuring the axial component of the magnetic flux produced by the shaft coating in 

response to a torque on the shaft. 

DETAILED DESCRIPTION OF THE INVENTION 
20 [0027] Referring to the Figures, wherein like numerals indicate like or corresponding 
parts throughout the several views, an assembly for measuring rotational movement of 
a shaft 22 and for measuring torque applied thereto is generally shown at 20 in Figure 

H&fl: 60,408-206 DP-308 152 



DP-308152 



1. More specifically, as the shaft 22 moves, the assembly 20 measures a magnetic 
flux flowing through and around the shaft 22. As shown in Figure 2, magnetic field 
lines 24 are shown flowing through the assembly 20. The magnetic field lines 24 are 
illustrated as a flux density through a particular area of the assembly 20 and will be 

5 described more fully below. The magnetic flux may be used to detect either rotation 
or twisting of the shaft 22. Rotating turns the entire shaft 22, while twisting produces 
a torque as is known by those skilled in the art. The subject invention measures 
torque and position in a non-compliant fashion. Non-compliant refers to a 
requirement of a relatively small angle of twist for a given torque, for example, less 

10 than 1 degree of twist for a torque of 16 N-m. 

[0028] Referring back to Figure 1, the shaft 22 extends between first and second ends 
26, 28 and is formed of a magnetic material, a paramagnetic material, or a non- 
magnetic material. Preferably, the shaft 22 is hollow. One example of a magnetic 
material capable of use as the shaft 22 is 1020 steel. This particular type of steel is 

15 relatively inexpensive and reduces manufacturing costs of the assembly 20. Suitable 
types of paramagnetic material include, but are not limited to, Nitronic steel and 
aluminum. 

[0029] The subject invention includes a magnetic source 30 disposed within the shaft 
22. The magnetic source 30 has two poles for producing a parallel magnetic field 
20 emanating radially from the shaft 22, as shown in Figure 2. The magnetic source 30 
produces an essentially sinusoidal magnetic field distribution in both a radial and a 
circumferential direction around the shaft. The radial component extends radially 
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outwardly from the permanent magnet. When the shaft 22 is twisted, the torque 
induces an axial component of the magnetic flux. The axial component extends 
axially along the shaft 22 such that the magnetic flux forms closed loops having both 
the radial component and the axial component. As shown in Figure 2, the magnetic 
5 field strength within the magnetic source 30 is mostly constant at about 0.7 Tesla (T). 
The magnetic field strength is about 0.1 T just outside the shaft 22 and the magnetic 
field strength within the shaft 22 varies from 0.1 to 1.7 T depending upon angular 
position. 

[0030] Preferably, the magnetic source 30 is a magnet, and more preferably a 
10 permanent magnet. The magnetic source 30 may be fixed within the shaft 22 by 
methods known to those skilled in the art. Alternately, the magnetic source 30 may 
be positioned using its inherent magnetic properties in combination with magnetic 
shafts 22 or magnetic coatings applied to the shaft 22. Referring to Figure 1, the 
magnet 30 is shown as being cylindrically shaped. However, the magnet 30 may also 
15 be rectangulary shaped, as in Figure 3, or ring shaped as shown in Figure 4. In both 
Figure 3 and 4, a flux carrier 31 is positioned about the magnet 30 to transmit the 
magnetic flux. It is to be appreciated that the magnetic source 30 may be other shapes 
so long as it produces a sufficient magnetic field strength. 

[0031] Employing the permanent magnet 30 inside the shaft 22 provides the magnetic 
20 field large and strong enough to saturate the shaft 22 and any coating materials, 
thereby allowing relatively inexpensive materials to be used for the shaft 22. 
However, if a paramagnetic material such as aluminum or Nitronic steel were used for 
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the shaft 22 material, the permanent magnet 30 inside the shaft 22 would increase the 
torque-induced field, thereby increasing a signal to noise ratio of the assembly 20. 
The permanent magnet 30 may be a ferrite magnet, a MQ magnet (magnaquench 
based on NdFeB magnetic compounds) or other magnets. When the MQ magnet 30 is 

5 used, a greater initial domain alignment is achieved, i.e., more domains are available 
to give a resultant axial component of the magnetic flux when a torque is applied. 
Referring to Figure 5 A, a graphical representation of torque versus measured 
magnetic field strength in Gauss is shown for a ferrite magnet 30 and a MQ magnet 
30. The ferrite magnet 30 inside a 1020 steel shaft 22 produces a line having a 

10 smaller slope than that of the MQ magnet 30 in the same shaft 22. For example, 
applying a torque of about 50 Newton-meters (N-m) to the shaft 22 having the ferrite 
magnet 30 produces a signal strength of about -0.5 Gauss (G), where the MQ magnet 
30 produces a signal of about -5.5 G. As seen in Figure 5B, the stronger MQ magnet 
30 produces a larger signal response for the same torque. 

15 [0032] Referring back to Figure 1, a sensor mechanism 32 is positioned adjacent the 
shaft 22 to detect the magnetic flux produced in response to the shaft 22 being moved. 
In one embodiment, the sensor mechanism 32 includes a magnetostrictive (MR) 
material 34 disposed annularly about the shaft 22 and extends between first and 
second edges 36, 38. The magnetostrictive material is applied directly to the shaft 22 

20 such that when the shaft 22 is twisted, the torque is transmitted through the 
magnetostrictive material 34. In other words, when the torque is applied, the 
magnetic moment of the magnetostrictive coating 34 is altered, such that the magnetic 
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flux includes an axial component flowing through the magnetostrictive material 34. 
The MR material 34 provides a low reluctance path for the magnetic flux, so that a 
portion of the return field path is through the MR material 34. In Figure 5A, the MR 
material 34 was a mixture of 33% Al-Ni-Co5, 33% Ni, and 33% Fe by volume 
5 whereas in Figure 5B, the material was 100% Ni. It is preferable that the MR material 
34 has a permeability similar to that of the shaft 22. The subject invention permits the 
use of magnetic materials for the shaft 22, which further reduces the cost of the 
assembly 20. 

[0033] A flux collector 40 extends beyond the first and second edges 36, 38 of the 
10 magnetostrictive material, as shown in Figure 1. The flux collector 40 may be a 
continuous material bridging the MR material 34 to collect magnetic flux. However, 
it is preferred that the flux collector 40 further includes a first half 42 and a second 
half 44 defining a gap 46 therebetween. A sensor 48 may be disposed within the gap 
46 for measuring the axial component of the magnetic flux flowing from the edges 36, 
15 ' 38 of the magnetostrictive material 34. Alternately, the sensor 48 may be a coil (not 
shown) wrapped around the flux collector 40 or any other field sensing device known 
to those skilled in the art. Preferably, the sensor 48 is a Hall effect sensor. The flux 
collector 40 and sensor 48 may be referred generally to as a torque sensor, since the 
combination is used to determine the torque applied to the shaft. 
20 [0034] In one embodiment, shown in Figure 6, the flux collector 40 may be attached 
to the shaft 22 to detect the magnetic flux. When the flux collector 40 is attached to 
the shaft 22, the flux collector 40 moves with the shaft 22. If a redundant system is 
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required, then a pair of the flux collectors 40 are attached to the shaft 22, as illustrated 
in Figure 7. In order for the flux collectors 40 to make the necessary measurements, 
the flux collectors 40 should be spaced 180 degrees from one another. Both sensors 
are mounted where the circumferential component of flux within the shaft is greatest 
5 (90 mechanical degrees from the magnet poles) to maximize the torque response. The 
redundant system uses the additional flux collector 40 to verify the detection of the 
magnetic flux. Typically redundant systems are utilized to prevent failure and to 
ensure optimal performance of the assembly 20. 

[0035] Referring to Figure 8, in another embodiment, a pair of the flux collectors 40 
10 are positioned adjacent the MR material 34. The flux collectors 40 in this 
embodiment are not in contact with the shaft 22. Spacing the flux collectors 40 from 
the shaft 22 creates an air gap 50 between the shaft 22 and the flux collectors 40. If 
the flux collector 40 does not rotate with respect to the shaft 22, at least two flux 
collectors 40 are required and are spaced 90 degrees apart to measure torque at all 
15 positions. Taking the square root of the sum of the squares of the outputs of these 
sensors 48 yields an output that is independent of position yet proportional to the shaft 
torque. If three flux collectors 40 are used, then they are spaced 120 degrees from one 
another. Figure 9 illustrates a redundant system for these non-contact flux collectors 
40 having two pairs of the flux collectors 40 each spaced 90 degrees from one 
20 another. However, it is to be appreciated that the flux collectors 40 may be positioned 
at different angles and still achieve the results of the subject invention by performing 
additional calculations. 
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[0036] The sensor mechanism 32 may also include a positional ring 52 extending 
annularly around and spaced from the shaft 22. The positional ring 52 is preferably 
formed of a magnetizable material, but other materials may be used as is known in the 
art. The shaft 22 is freely rotatable within the positional ring 52. It is preferred that 

5 the positional ring 52 be positioned between the edges of the magnetostrictive 
material. However, the position of the shaft 22 can be determined when the positional 
ring 52 is positioned elsewhere along the shaft 22, as shown in Figure 10. The 
magnetic field produced by the permanent magnet 30 allows for the opportunity to 
sense position of the shaft 22. The magnetic field produces a sinusoidal wave function 

10 when rotated. In order to continue detecting position, the positional ring 52 has to be 
near the magnetic source 30. 

[0037] Referring back to Figure 1, a positional sensor 54 is disposed between the 
positional ring 52 and the shaft 22 for measuring a radial component of the magnetic 
flux produced by the magnetic source 30. Locating the positional ring 52 behind the 

15 sensors 48 increases the magnetic flux that is detected by the positional sensors 54. 
The positional ring 52 is preferably a soft magnetic material. In one embodiment, the 
sensor mechanism 32 includes a pair of the positional sensors 54 spaced 90 degrees 
from one another. In another embodiment, the sensor mechanism 32 includes two 
pairs of positional sensors 54 each spaced 90 degrees from one another. The 

20 combination of the positional ring 52 and positional sensors 54 may be used to 
determine rotation of the shaft. 
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[0038] The assembly 20 according to the subject invention is capable of detecting the 
axial component of the magnetic flux through the flux collector 40 with the sensor 48 
and capable of detecting the radial component of the magnetic field through the 
positional ring 52 with the positional sensors 54. In order to do this, it is preferable 

5 that the permanent magnet 30 has two poles and is polarized in a parallel direction to 
produce the magnetic field in the MR material 34 and shaft 22 that varies 
predominately in a sinusoidal fashion as a function of angle about the shaft 22. It is 
also preferable that the magnetic source 30 is maintained within the shaft 22 to 
continuously induce the bi-directional magnetic flux through the shaft 22. The 

10 permanent magnet 30 produces a magnetic flux density through the air gap 50 with a 
co-sinusoidal distribution, as shown in Figure 11 and expressed mathematically as 
follows: 

[0039] B(0) = B m cosda R 

[0040] wherein B m is the peak radial component of the magnetic flux, 6 is the angular 
15 position with respect to the north pole (clockwise), and a r is a unit vector in the radial 
direction. A circumferential field component also, exists, but in this case it varies 
sinusoidally versus angle. 

[0041] This excitation can be used to magnetize the MR material 34 for use with the 
flux collector 40 to determine torque and for detecting a position of the shaft 22 as 
20 described below. Referring to Figure 12, the magnetic field strength is shown for a 
MQ magnet 30 based upon a position about the shaft 22 and at two points along the 
MQ magnet such that the radial flux is used for position. For both locations along the 
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magnet, at 0 degrees the magnetic field strength is about 3000 G. By placing flux 
collectors 40 at 9=0 and 9=90, the following equation can be used to determine the 
signal strength at each position, respectively: 

[0042] V 0=Q (0) = k s B m cos0 for a sensor 48 located at 0 degrees and 

5 [0043] V 0=9O (0) = k s B m sin 0 for a sensor 48 located at 90 degrees 

[0044] wherein V is the sensor 48 output in volts and k s is a constant based upon a 
calibration of the sensors 48. These signals are typical of a position resolver output 
and any number of well-known techniques can be used to extract position. 
[0045] When the shaft 22 is torqued, the circumferential magnetic flux, B e , in the 

10 magnetostrictive material 34 produces the axial component of the magnetic flux 
whose polarity depends on the direction, or sign, of the applied torque. Figure 13 
illustrates the flux density based upon a distance from the center of an Alnico magnet 
30 through a steel shaft 22 and into a 3 mm thick positional ring 52. Since the 
magnitude of the circumferential magnetic flux in the MR material 34 varies in a 

15 substantially sinusoidal manner due to the internal magnet, the resultant axial 
component will also vary in a substantially sinusoidal manner. Figure 14 illustrates 
an axial component of the magnetic flux and a radial component of the magnetic flux. 
The following equations can be used to determine the axial component of the 
magnetic flux and the applied torque: 

20 [0046] B l {0) = B torque {Mag (B d ), torque) sin 0 



H&H: 60,408-206 



14 



DP-308152 



DP-308152 

[0047] wherein Bz is a magnetic flux density in the Z-direction, i.e., axial direction. 
Measurement of the torque on the shaft requires at least one sensor for the 
configuration shown in Figure 6 and at least two sensors for the configuration shown 
in Figure 8. For example, in Figure 8 with one torque sensor at 0 = 0 and one at 8 = 
5 90, the torque is given by the following equation: 

[0048] Torque = k t ^(k g ) 2 B^J (sin 2 0 + cos 2 6) = k^B^ 

[0049] wherein k t is a proportionality constant, k g is a constant based upon the 
geometry and materials used for the flux collectors 40 and sensors 48 and the air gap 
50. 

10 [0050] Specifically, magnetic moments within the coating 34 are oriented 
magnetically by the magnet 30. The applied torque then produces the axial 
component and it is the axial component which is sensed as a signal corresponding to 
the applied torque. The magnetic moments in the coating 34, which are oriented by 
the magnet 30 at zero torque are rotated slightly by the applied torque to produce this 

15 axial component. The magnitude of the axial component of the magnetic flux 
produced by the torque depends on the strength of the magnet 30, the state of stress 
within the coating 34, and on the magnetostrictive properties of the coating 34. The 
above equations can be used to determine the amountof torque applied to the shaft 22 
based upon the detected magnetic flux and magnetic field strength. 

20 [0051] The axial component of the magnetic flux density depends on the composition 
and the dimensions of the coating 34 and the applied torque on the shaft 22. The 
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influence of the varying circumferential magnetization is accounted for by the sin 0 
term in the above equations. This axial component of magnetic flux will form two 
closed loops, one entering the shaft 22 while the other is external to the shaft 22 and 
coating 34. The later component of the magnetic flux can be detected using the flux 

5 collector 40 for sensing torque applied to the shaft. The flux collector 40 rejects the 
common mode radial field of the magnet, yet they are sensitive to the outer loop of 
flux produced by the axial component of the magnetic flux from the torqued shaft. 
[0052] Obviously, many modifications and variations of the present invention are 
possible in light of the above teachings. The invention may be practiced otherwise 

10 than as specifically described within the scope of the appended claims. 
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